A hyperintense putaminal rim, putaminal hypointensity, and putaminal atrophy on T2-weighted MR images are findings suggestive of parkinsonian-dominant multiple system atrophy (MSA-P). However, putaminal hyperintensity on T1-weighted images, which has not been discussed in previous reports, is also frequently observed in patients with MSA-P. Here, we investigated whether putaminal hyperintensity on T1-weighted images is helpful to diagnose MSA-P.
M
ultiple system atrophy (MSA) is a sporadic, progressive, adult-onset disorder associated with various degrees of dysfunction of the extrapyramidal, cerebellar, and autonomic systems. In neuropathologic examinations, the Parkinson variant of MSA (MSA-P) is characterized by selective neuronal loss and gliosis predominantly affecting the basal ganglia, substantia nigra, olivopontocerebellar pathways, and intermediolateral cell columns of the spinal cord. 1 The clinical differentiation of MSA-P from Parkinson disease (PD) and other atypical parkinsonian disorders, such as progressive supranuclear palsy (PSP), is challenging, especially during the early stages of the disease. [2] [3] [4] [5] [6] [7] Early differentiation of these diseases is important, however, to establish differences in their natural history and treatment response. 8, 9 In clinical practice with patients diagnosed with MSA-P, clinicians should consider symptoms in addition to parkinsonism (eg, orthostatic hypotension, urinary retention, and respiratory disturbances). Proper diagnosis, thorough symptom review, and early intervention are critical because such symptoms can have grave consequences. For example, respiratory disturbances, including abductor paralysis of the vocal cord, often cause sudden death.
There is increasing evidence that MR imaging is useful to establish an accurate diagnosis. The abnormal putaminal findings that characteristically differentiate patients with MSA from those with other parkinsonian disorders and control subjects are well known: a hyperintense putaminal rim on T2-weighted images, putaminal hypointensity on T2-weighted images, and putaminal atrophy. 7, 10, 11 In some patients, however, an unequivocal diagnosis cannot be made with MR imaging findings alone. 7 In our daily practice, putaminal hyperintensity on T1-weighted images is frequently observed in patients with MSA-P, though this has not been discussed in previous reports.
In our study, we evaluated the diagnostic usefulness of high-intensity signals along the lateral putamen on T2-weighted images (T2H), low-intensity signals within the putamen on T2-weighted images (T2 L), high-intensity signals within the putamen on T1-weighted images (T1H), and putaminal atrophy in differentiating patients with MSA-P from those with PD, PSP, and healthy subjects by receiver operating characteristic (ROC) analysis.
Materials and Methods

Patients
The subjects were 17 patients with probable MSA-P, 11 patients with probable PSP, 37 patients with probable PD, and 16 control subjects. Informed consent was obtained from all subjects. This study was retrospective and included consecutive patients who were first referred to our hospital in the early stages of their disease. A clinical diagnosis of MSA-P was made according to the consensus statement by Gilman et al, 12 
MR Imaging Acquisition and Analysis
Brain MR imaging was performed with a 1.5 T MR scanner (Signa Horizon; GE Healthcare, Milwaukee, Wis). We acquired axial T2-and T1-weighted images using the following parameters: for T2-weighted images, TR was 4000 ms and TE was 96 ms; for T1-weighted images, TR was 500 ms and TE was 9 ms. The number of averages was 2; section thickness/gap, 6.0/1.5 mm; FOV, 230 ϫ 230 mm; and matrix, 256 ϫ 256. The axial sections were angled to lie parallel to the anteroposterior commissure (ACPC) line. Axial sections of T2-and T1-weighted images in the largest area of the putamen were selected for evaluation. This section always contained the posterior limbs of the internal capsule and thalamic pulvinar and was usually rostral to the section showing the anterior commissure. On the selected section, 2 examiners (W.S. and S.I.), who were blind to the diagnosis and clinical data, evaluated T2H, T2 L, T1H, and putaminal atrophy (Fig 1) . Because putaminal T2H, T2 L, and atrophy on the T2-weighted image could bias interpretation of T1H, T1-weighted and T2-weighted images were analyzed in a blinded, randomized fashion to control for this bias. T2H and T1H were defined as higher intensity than the adjacent insular cortex and white matter, respectively. T2 L was defined as lower intensity than adjacent white matter. Putaminal atrophy was assessed by visual inspection including evaluation of posterolateral linearization of the putaminal margin. 15 We rated each finding on a 50-mm horizontal visual analog scale (left [0 mm], absolutely normal; middle [25 mm ], equivocal; right [50 mm], absolutely abnormal). We specified the level of confidence to a statement by indicating a position along a continuous line between 2 end points. The length between the checked point and the left margin of the scale bar was measured as a marker of abnormality and was used for subsequent statistical analysis. 16 
Statistical Analysis
We evaluated the interrater agreement of each value by calculating Cronbach alpha as a common form of the intraclass correlation coefficient. Intraclass correlation coefficient of 0.60 to 0.80 was considered substantial to perform subsequent analysis. 17 Analysis of variance (ANOVA) tests were performed to compare the differences for each putaminal finding (T2H, T2 L, T1H, and putaminal atrophy) among patients with MSA-P, PSP, PD, and healthy subjects, and then post hoc testing with the Scheffé F-test was performed. A Pearson correlation coefficient test was performed to analyze the correlation between ages, disease duration, and each putaminal finding. Furthermore, to assess the diagnostic usefulness of each putaminal finding, we performed ROC analysis. 18 We generated ROC curves by calculating the sensitivity and specificity of T2H, T2 L, T1H, and putaminal atrophy and plotting specificity against sensitivity, namely by varying the threshold value for the output units of the examiners. We automatically performed the ROC analysis on a PC with the Windows XP operating system by using ROCKIT version 0.9.1 beta and PLOTROC version 1.0.0, which were developed at the Department of Radiology at the University of Chicago (http://www-radiology. uchicago.edu/krl/index.htm). An ROC curve located in the upper left corner of the graph corresponded to both higher sensitivity and higher specificity. For differentiation of MSA-P from PSP, PD, and healthy control subjects, an area under the ROC curve (AUC) of more than 0.8 is considered good; an AUC of more than 0.9 is considered excellent.
Results
The evaluation of each abnormality revealed that the intraclass correlation coefficient was 0.739 in T1H, 0.692 in T2H, 0.715 in T2 L, and 0.669 in putaminal atrophy. The intraclass correlation coefficient was evaluated as acceptable. In the results of the ANOVA analysis (Table 2) , the mean T1H on a visual analog scale (maximum, 50 mm) was significantly greater in patients with MSA-P (mean Ϯ SD, 44.4 Ϯ 6.1 mm) than in patients with PSP (21.8 Ϯ 10.1 mm), patients with PD (21.6 Ϯ 9.5 mm), and healthy control subjects (26.4 Ϯ 5.3 mm) (P Ͻ .001, on-line Fig 1A) . The mean T2H in patients with MSA-P (35.8 Ϯ 8.6 mm) was significantly greater than that in patients with PSP (18.7 Ϯ 7.7 mm), patients with PD (21.0 Ϯ 8.4 mm), and healthy control subjects (19.3 Ϯ 7.5 mm) (P Ͻ .001, online Fig 1B) . The mean T2 L in patients with MSA-P (32.7 Ϯ 11.8 mm) was significantly greater than that in patients with PD (26.1 Ϯ 6.8 mm) and healthy control subjects (24.9 Ϯ 6.0 mm) (P Ͻ .05, on-line Fig 1C) , but it did not significantly differ from than in patients with PSP (29.2 Ϯ 7.7 mm). The mean putaminal atrophy was significantly greater in the patients with MSA-P (38.4 Ϯ 7.7 mm) than in patients with PSP (27.5 Ϯ 5.1 mm), patients with PD (21.4 Ϯ 8.3 mm), and healthy control subjects (16.6 Ϯ 7.7 mm) (P Ͻ .001, on-line Fig 1D) . It was also greater in patients with PSP and patients with PD than in healthy control subjects (P ϭ .09 and P ϭ .04, respectively). The ROC analysis revealed that in differentiation between the AUC in patients with MSA-P and healthy control subjects was 0.983 in T1H, 0.923 in T2H, 0.726 in T2 L, and 0.967 in atrophy (Table 3 , on-line Fig 2A) . In differentiation between MSA-P and PD, the AUC was 0.990 in T1H, 0.921 in T2H, 0.739 in T2 L, and 0.923 in atrophy (Table 3 , on-line Fig 2B) . In differentiation between MSA-P and PSP, the AUC was 0.984 in T1H, 0.923 in T2H, 0.727 in T2 L, and 0.967 in atrophy (Table 3 , on-line Fig 2C) . Sensitivity and specificity in the differentiation of patients with MSA-P from healthy control subjects are listed in Table 3 .
In patients with MSA-P, no parameter of putaminal MR imaging findings correlated with age or disease duration. There was a trend in the correlation between T2H and T1H (correlation coefficient (r) ϭ 0.435 and P ϭ .081), and between T2H and atrophy (r ϭ 0.568 and P ϭ .017). In healthy control subjects, age correlated positively with T2H (r ϭ 0.507 and P ϭ .015) and putaminal atrophy (r ϭ 0.548 and P ϭ .009). There was a trend in the correlation between T2 L and age, but this trend was not statistically significant (r ϭ 0.318 and P ϭ .099). T1H did not correlate with age.
Discussion
The aim of our study was to determine the usefulness of T1H in MR imaging for the diagnosis of MSA-P. In addition, we compared the usefulness of well-known abnormal putaminal findings such as T2H, T2 L, and putaminal atrophy with T1H by using ROC analysis. Our results show that T1H, T2H, and putaminal atrophy are excellent findings to discriminate patients with MSA-P from patients with PD, patients with PSP, and healthy control subjects in the early stages of disease, though our results failed to show the usefulness of T2 L, in contrast to previous studies. 11 The usefulness of T2H and putaminal atrophy has been reported, 7,10 but T1H has not been described for the diagnosis of MSA-P. In our results, T1H was superior to T2H to differentiate MSA-P, and correlation analysis showed that T1H was not influenced by age in patients or in healthy control subjects, whereas T2H and atrophy correlated with age in healthy subjects. In diseases mainly featuring parkinsonism, we suggest that T1H is one of the useful findings in the diagnosis of MSA-P.
With regard to T1H in patients with MSA-P, however, the corresponding histopathologic changes were not investigated. In general, hyperintensities on T1-weighted images can be caused by various tissue changes, such as hemorrhages, protein-rich lesions, fatty lesions, calcification, mineral accumulation, melanin-containing lesions, and other factors. 19 It is assumed that mineral accumulation is one of the causes of T1H in MSA-P, but additional histopathologic studies are necessary to clarify those causes.
T2H was an excellent indicator of MSA-P, but it was observed also in patients with PSP and PD, especially in older subjects. [20] [21] [22] T2H is thought to reflect putaminal degeneration, gliosis, and enlargement of the space between the putamen and the external capsule in patients with MSA-P, 23 but it can be influenced by age and brain ischemia. In our results, T2 L correlated positively with age in healthy subjects, and it was not useful to discriminate MSA-P from other diseases. In a previous report, putaminal T2 L on T2-and T2*-weighted MR imaging have been reported as useful sequences to differentiate MSA from PD, 6 but T2 L represents a susceptibility effect caused by iron deposition. 24 It is thought that T2 L within the putamen is not a reliable finding in older subjects because iron deposition in the basal ganglia is common in elderly patients. In fact, a previous report indicated that T2 L alone was a nonspecific MR imaging sign of MSA-P, whereas T2 L combined with T2H was a highly specific sign.
11
Although conventional MR imaging is inferior to volumetric, spectroscopic, or diffusion MR imaging in the detection of subtle tissue degeneration, 4, 5, 25, 26 it is important in clinical practice to know which findings on conventional MR imaging have the best diagnostic accuracy. It is certain that the visual analog scale used in our study is a subjective method and measurement of signal intensity is more objective and quantifiable than visual inspection, but in daily clinical practice, we usually perform visual inspection for radiologic diagnosis. We pursued the practical MR imaging findings available for the diagnosis of MSA-P in our study.
We performed our study with a 1.5T MR scanner and acquired T1-weighted images by using the spin-echo technique. Recently, 3T MR scanners have become available in several facilities, and our knowledge about image characteristics in a high magnetic field improved. However, few research studies have focused on T1-weighted images with the spin-echo technique in a high magnetic field. T1H in patients with MSA-P is possibly obscured on 3T T1-weighted images. Additional studies are necessary to confirm the feasibility of T1H in patients with MSA-P in a high magnetic field.
Conclusions
All putaminal findings except T2 L were useful for the diagnosis of MSA-P, and T1H was superior to T2H to differentiate MSA-P from other diseases. We conclude that T1H, in addition to T2H and putaminal atrophy, is a useful finding for the diagnosis of MSA-P.
